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Dynamical barriers for the random ferromagnetic Ising model on the Cayley tree :
traveling-wave solution of the real space renormalization flow

Cécile Monthus and Thomas Garel
Institut de Physique Théorique, CNRS and CEA Saclay, 91191 Gif-sur-Yvette, France

We consider the stochastic dynamics near zero-temperature of the random ferromagnetic Ising
model on a Cayley tree of branching ratio K. We apply the Boundary Real Space Renormalization
procedure introduced in our previous work (C. Monthus and T. Garel, J. Stat. Mech. P02037 (2013))
in order to derive the renormalization rule for dynamical barriers. We obtain that the probability
distribution P, (B) of dynamical barrier for a subtree of n generations converges for large n towards
some traveling-wave P,(B) ~ P*(B — nv), i.e. the width of the probability distribution remains
finite around an average-value that grows linearly with the number n of generations. We present
numerical results for the branching ratios K = 2 and K = 3. We also compute the weak-disorder
expansion of the velocity v for K = 2.

I. INTRODUCTION

The stochastic dynamics of classical disordered spin systems turns out to be extremely slow in the whole low-
temperature phase (see for instance the books [1, 2] and references therein). The reason is that the system tends to
remain trapped in valleys of configurations on various scales. Within the point of view of dynamical simulations, this
problem has been called the ’futility’ problem [3] : the number of distinct configurations visited during the simulation
remains very small with respect to the accepted moves. The reason is that the system visits over and over again the
same configurations within a given valley before it is able to escape towards another valley.

As a consequence, a natural idea is to formulate some appropriate renormalization procedure for dynamical barriers.
For random walks in random media, Strong Disorder Renormalization rules have been formulated in real space [4-
6). The direct generalization of this approach to many-body systems leads to Strong Disorder Renormalization
formulated in configuration space [1], because the renormalization concerns the master equation of the dynamics
defined in configuration space. These Strong Disorder RG approaches are perfect to describe correctly the hierarcal
organization of valleys within valleys. However, from a numerical point of view, since the size of the configuration
space grows exponentially with the number of degrees of freedom of the many-body system, this approach can be
applied numerically only for small sizes [1].

In a recent work [§], we have thus introduced a different renormalization approach formulated in real space
using the standard mapping between the detailed-balance dynamics of classical Ising models and some quantum
Hamiltonian, we have derived appropriate real-space renormalization rule for this quantum Hamiltonian. We have
solved explicitly the renormalization flow for the random ferromagnetic chain [g8], for the pure Ising model on the
Cayley tree [], and for the hierarchical Dyson Ising model [9]. In the present paper, we study the case of the random
ferromagnetic Ising model on the Cayley tree.

The paper is organized as follows. In section [[I, we explain how the Real Space Renormalization approach of [§]
can be applied to the stochastic dynamics of the random ferromagnetic Ising model on the Cayley tree. In section
[l we derive the renormalization rules for dynamical barriers near zero temperature. In section [Vl we study the
renormalization flow for the probability distribution of dynamical barriers. The cases of branching ratio K = 2 and
K = 3 are discussed respectively in sections [V] and [VIl with numerical results on the traveling-wave statistics of
dynamical barriers. Section [VIIl summarizes our conclusions.

II. REAL SPACE RENORMALIZATION APPROACH
A. Model and notations

We consider the random ferromagnetic Ising model with the classical energy
UC)=—Y_ Ji;SiS; (1)
i<j

defined on a Cayley tree of branching ratio K with N generations, and with free boundary conditions on all the
boundary spins. The coordinence of non-boundary spins is thus (K + 1). The couplings J;; are independent random
positive variables drawn with some law p(J).


http://arxiv.org/abs/1303.2483v2

The stochastic dynamics is defined by the master equation

dpP (C)
dt

Y P(CYW(C' = C) =P (C) Wou (C) (2)
=

that describes the time evolution of the probability P;(C) to be in configuration C at time t. The notation W (C" — C)
represents the transition rate per unit time from configuration C’ to C, and

Wout (C)=> W (C—C) (3)
C/
represents the total exit rate out of configuration C. We will focus here on single spin-flip dynamics satisfying detailed
balance

e PUOW (€ = ') = e PUCOW (€' - C) (4)

where the transition rate corresponding to the flip of a single spin Si reads
W (Sk = =Sk) = G™ | h, =Y JuSs e PSK[Eipi TunSi] (5)

i#k

G™[hy] is an arbitrary positive even function of the local field hj = o 2k JixS;. For instance, the Glauber dynamics
corresponds to the choice

- 1

mnt h — 6

Glauber[ ] 92 cosh (Bh) ( )
B. Associated quantum Hamiltonian

As is well-known, the master equation of Eq. with the choice of Eq. can be mapped via the similarity

transformation P (C) = e~ 5V 0, (C) onto a Schrédinger equation with the following quantum Hamiltonian involving
Pauli matrices (6%, 0%) |8, [10-16]

L .
k

itk

Note that in the high-temperature limit 8 — 0, the quantum Hamiltonian of Eq. [1 for the Glauber dynamics of
Eq. [6lreduces to the standard transverse-field Ising model

N
HB§0N+; —Bo ;Jim —of (8)

When the coupling J;; are random, the low-energy physics is then well described by the Strong Disorder RG procedure
valid both in one dimension [17] and in higher dimensions d > 1 [18-20] (see [21] for a review). However here we are
interested into the opposite limit of very low temperature where 8 — 400, where one cannot linearize the exponentials
in the quantum Hamiltonians of Eq. [l We have explained in [§] how to define appropriate real-space renormalization
rules for this type of quantum Hamiltonian in the opposite limit of very low temperature. In the following, we recall
the main idea for the case of the Cayley tree geometry.

C. Reminder on the Boundary Real Space Renormalization on a Cayley tree

For a model defined on a Cayley tree, it is natural to define a boundary renormalization procedure in order to keep
the tree topology unchanged, and to obtain recurrence equations. For instance for the Random Transverse Field Ising
Model of Eq. Bl this idea has been used either within the Quantum Cavity Approach [22-24] or within the Boundary
RG approach [25].
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FIG. 1: Basic step of the Boundary Real Space Renormalization for a Cayley tree of branching ratio K = 2: the quantum
Hamiltonian of Eq. @linvolves K +1 = 3 spins, namely the two renormalized boundary spins (S1, S2) (that represent sub-trees)
whose renormalized dynamics is described by renormalized amplitudes (G1, G2), and their common ancestor S, whose dynamics
is still described by the initial amplitude G [A]. The further ancestor S, is not taken into account as a quantum spin, but
only through the external field B, = J,.S, seen by the spin S.

For the Hamiltonian of Eq. [{l a boundary spin S; is connected to a single ancestor spin S via some random positive
coupling J; > 0, so the absolute value of its local field h; = J;S takes the single value J;. As a consequence, the function
G™i(h;) reduces to the number G*(J;). As explained in [§] for the case of the pure Ising model, it is thus convenient
to define a Boundary Real Space Renormalization as follows. The basic renormalization step concerns K renormalized
boundary spins (Si, Sa, .., Sk ) whose renormalized dynamics is described by some renormalized amplitudes G; (which
are numbers and not operators) and their common ancestor spin S whose dynamics is still described by the initial
amplitude G [h] involving also the external field B, = J,S, induced by its next ancestor spin S,. So we have to
study the following effective Hamiltonian for these (K + 1) spins (51, .., Sk, S)

K
> Jio7 + Ba
i=1

HK+ 1 _ G’L’n,’L

K2

K
(e—ﬁﬂzf‘:l Jio;+Ba) _ az) e (efﬁof Jio®) _ qu) 9)
i=1

The physical meaning of the amplitude G; of the renormalized boundary spin S; that represents a whole sub-tree, is
that the largest relaxation time for this isolated sub-tree reads (see detailed explanations in [8])
1
trelam _ 10
Near zero temperature, the largest relaxation time is simply the equilibrium time ¢;? needed to flip between the two
renormalized states states S; = +1 and S; = —1 representing the two ferromagnetic ground states of the corresponding
sub-tree, so the corresponding dynamical barrier B; is defined by the exponential behavior
trelam _ i e,@Bi (11)

= x
v 2Gl B——+o0
After the first renormalization step, the renormalized dynamical barrier B; are expected to grow, so that the
renormalized amplitudes G; will be extremely small. The most appropriate approach is then a perturbative analysis
in the parameters G; that may be summarized as follows (see [8] for more details) :
(i) When G; = 0 for i = 1,2,.., K, the spins (S, .., Sx) cannot flip and are thus frozen. So the 2 states

K 8S(XCK | JiSi+Ba)
e | CED
j=1 S=+ \/2 cosh ﬂ(ZiK:l JiSi + Ba)

1S > (12)




are zero-energy states of Hamiltonian of Eq. @ when G; = 0 for any function G**[h] since one has
(=0 (SE hi i) ) s 13

The physical interpretation is that the spin S is at equilibrium with respect to the frozen spins (51, .., Sk). The other
2K gtates have a finite energy for G; = 0.
(ii) When the amplitudes G; for i = 1,2, .., K are small, we need to diagonalize the perturbation within the subspace

spanned by the 2% vectors |vOS i Eq. We look for an eigenstate via the linear combination

luy > = > Tx(S1, Sa, ..., Sgc)ug 5255 > (14)
S1=+,82=+,..,Sx =+
The eigenvalue equation 0 = (Hgy1 — A)|uy > reads
[i G, 2C08hﬂ(zfi J;S; + Ba)
o 2coshB(3°5, J;S; + Ba)
K 2coshB(32;,; J;S; + Ba)

_ZGi

po \/2 cosh B(Y ., J;S; — JilSi + Ba)\/Z cosh B(Y2,; J;S; + JiSi + Ba)

0 =

_Al T)\1(5177"'7SK)

T)\l(Slv'-a_Siv"'v‘S’K) (15)

(iii) As explained in detail in [§], one obtains that near zero-temperature, the Hamiltonian of Eq. can be
renormalized onto the single spin effective Hamiltonian

H=~Gg (e*f’Baf’% - a;) (16)

for the renormalized spin (describing the full ferromagnetic states)

K

Se=+> =[]]ISi=+>]IS=+>
j=1
K

Se=-> =[]]ISi=->]IS=-> (17)
j=1

with the renormalized amplitude (using Eq [34)
At
— ML 1
Gr 2 cosh 5.J, (18)

where A is the first non-vanishing eigenvalue of the system of Eq.

In the pure case studied in [§], i.e. when all couplings J; take the same value J, and where all amplitudes G; take
the same value G, we have solved Eq[I3 by taking into account the symmetry between the K branches. Here in the
disordered case, the K branches are not equivalent anymore, but we can nevertheless derive an explicit renormalization
rule for G, as explained in the following section.

III. RENORMALIZATION RULE FOR DYNAMICAL BARRIERS
A. Eigensystem for \;

To see more clearly the meaning of the eigensystem of Eq. [I5] it is convenient to introduce

K
To(St, ..., Sk) = 4| 2cosh B J;S; + Ba) (19)
i=1

which solve the system of Eq. for A =0, and the ratios

Ty, (51, .., Sk)

A(Sy, .., SK) To(S1, -.5K)

1l
—

[\~

=)
=



so that Eq I3 reads

ZG TO 51,.,9 =0,. aSK) _

T Sl S =0 SK)
A 0 30 5oy A S 91
T2(51, . 5, 5x) (51,5, 8 ZG (S1s s =Sy Sx0) (21)

T2 517 7517 7SK)

To compute the lowest non-vanishing eigenvalue \; of Eq. I3l it is consistent to set A; = 0 in all equations except
at the two extreme cases where all spins have the same value, either S, or —S,, where B, = J,S,. The two extreme
components should be orthogonal to Eq[19 and thus read

K

T)\l (Sm Say ey Sa) = TO(_Saa —Say ey _Sa) = 2COShﬁ(Z Ji — Ja) = eg(zle Ji_Ja)
=1
T, (—Sa,—Sa, ..., —Sa) = —To(Sa, Sa, ..., Sa) = \l2coshﬁ (37 it Jo) = —e 3 (BTt e) (22)
=1

i.e. the two extreme values of the ratios of Eq.

To(—Sa, —Say ..., —Sa) \/2 cosh B(3°1, Ji — Ja)

A(Sa,Sa,...,Sa) — = ~ efﬁ‘]a
oS0, Sas 0 50) [y cosh AT, i + Ja)
To(Sa, Say s S 2 cosh 8 fi Ji+ J,
/1(_51017 _Sa, . _Sa) _T OfgS ;SS; ;S )S’ _ \/ (E 1 ) ~ _eBJa (23)
080 =80 =50)  acosh (S, i — )
satisfy Eq Il with A;. So A; can be computed near zero temperature as
_ iG-Tg(S’“S&’ ey S0, 8: = 0,84, Sa, .., Sa) 1 A(Sa, Say ey Say Si = —Sa, Sa, Say ey Sa)
= T3(SasSas - Sa) A(Sa, Sa, . Sa)
K
_BJ, A(Sa, Say ey Say Si = —Sa, Say Say vy Sa)
~ i BJi 1— asPasy -y Pay P asPasPay - Pa 24
S 6 A(Sur5ar s Sa) ) (24
whereas all non-extreme values satisfy Eq2Il with A\; = 0, so we may drop the common denominator 7§ (S, ., ., Sk)
to obtain
K K
Z GZT02(817 il SZ = 07 il SK) A(S17 LR SK) - Z GZTO2(815 ) S’L = Oa ) SK)A(Slv 0y _Sia oy SK) (25)
i=1 i=1

In the disordered case, we expect that the dynamical transition between the two ferromagnetic states will be dominated
by a single dynamical path near zero temperature. So let us now compute the dynamical barrier associated to a given
dynamical path.

B. Dynamical barrier associated to a given dynamical path (1,2, .., K)

In this section, we consider the given dynamical path called (1,2, .., K)

A(=Sa,—Sas —Say ey =Sa, —Sa) & A(Sa, —Sa, —Sa, —Sa; —Sa) <> A(Sa, Sa, —Say -y —Sa, —Sa)
. 4> A(Sa, Say s Sas —Sa) <> A(Sas Say Sas Sa, Sa) (26)
Then we are left with a one-dimensional problem with the notations
q(0) = A(=S4, =S4, —S4..., —S,) ~ —ePla
q(l) :A(Saa_Saa_Sav"'v_Sa)
q(2) = A(S4,Sa;—Sa, -, —Sa)

q(K—i.)' = A(Sa, Sa, ... Sa,—sa)
q(K) = A(Sa; Sas+-Sa; Sa) = e~ (27)



Eq 24 reduces to

A~ Gre B (1 B %)

and Eq. A becomes for 1 <k < K —1
q(k) = p—(k)q(k — 1) + p4 (k)q(k + 1)
with the probabilities
GrT3(Say -y Say Sk = 0, =S4, —Say s —Sa)

_(k) =
p-(k) GrT3(Sa, oy Say Sk =0, =S4, o.; =S4) + G113 (Say s ooy Sas Sk+1 = 0, —

Gk+1T02(Sa7 ceey Sa7 Sk-‘rl = 07 _Sa7 g eeey _Sa)

Saa ) _Sa)

p+ (k)

normalized to p_ (k) + p4 (k) = 1.
The solution can be obtained by [8, 126]

- GkTO2(Sa7 LR Sa; S = 07 _Sa7 ) _Sa) + Gk+1TO2(Saa 30ty Sav Sk+1 = 07 _Sa7 ) _Sa)

RO(ka_ 1) RK(lvk)
k) =q(0)———= KB\
ofh) = O 26 T + 1) e
using Kesten variables [27]
Ro(K,K—1) =0
Ro(K-1,K—1) =1
k-1 K1 (n)
Ryk<K-2K-1) =1+ +
m=k+1n=m p,(n)
K—-1K-1
K- K- K—-2)..ps(1
Ro(0,K —1) =1+ p+(n) _ 1+p+( )+ +p+( )P+ ( )--p+(1)
= Lt p-(n) p—(K -1 p—(K = 1)p—(K —2)..p-(1)
and
Rk (1,0) =0
Rk (1,1 =1
k—1 m D (n)
Rx(1,k>2) =1+ -
( ) m:“g p+(n)
K—-1 m
p—(n) p—(1) | p-(Lp-(2) p-(Dp-(2)..p (K —1)
Rx(1,K) =1+ — 14+ + ot
w1 K) 2 T D T e ® T pe e @) (K
Plugging this solution into Eq 2§ yields
_ Rx(1,K—1) ¢(0) 1
AN ~Gre PIr (1 ) -
' K ( Rig(LK)  q(K)Ro(0, K —1)
1 _'_625,]&
~ —BJK
= Cre T g R =)
so the renormalized amplitude of Eq. [I8 becomes
A1 _ 1
G _ = G pePJa—IK)
R = Socoshpg, K¢ Ro(0,K — 1)

So using Eq. [[9 we need to compute the ratios of the two probabilities of Eq.

p-i—(k) o Gk+lT02(Sa7 ceey Sau Sk+l = 07 _Sa7 ceey _Sa) _ Gk+12COShﬁ(Z§:1 Jl - Zilik+2 Jl + Ja)

p,(k) GkTOQ(Saa---aSaaSk :0,—Sa,...,—5a) B Gk2COShﬂ(Zf:_11 Jl _EiK:k-i—l Ji+Ja)

(30)

(31)

(32)

(33)

(35)



as well as the products

Iﬁl pe(k)  _ GKT2(S4,Sa, ..., Sa+, Sk = 0) B GK2coshB(E Y i+ Ja) (37)
- (k) GnT§(Sas Sas s Sas Sm = 0, =Sa, =Sas s =Sa)  Gp2cosh B T, — Zl it Ji + Ja)
Our conclusion is thus that the dynamical path (1,2, .., K) has a renormalized amplitude Gg’2""K) given by
Bk —Ja)
G%Q"”"K) = O Ro(0,K —1)
_ eﬁ(JK Ja) +K ! GKQCoshB(Z Y i+ Ja)
= Gn2cosh B30 Ly - Zl a1 Ji T Ja)
~ AlUK=Ja)g hﬂKzlJ—i-J ZK: !
¢ cos Py = Gp2cosh B30 J EZ a1 Ji T Ja )
C TEL N !
=° mz::l G, P T T D gr Tit al (38)
In terms of the dynamical barriers near zero temperature introduced in Eq. [
Gi o« e PBi (39)

B—+o00

Eq. yields that the renormalized barrier Bg’z’”’K) associated to the dynamical path (1
ature is given by

,2, .., K) near zero temper-

(1.2,..K) In Gz oK)
12, — 5 R _ _
B S T TP +ZJ ZZ,WJ o
= max B+ Jm — Ja +2m1n<g Ji + Ja; E )] (40)

1=m-+1

C. Optimization over the K! dynamical paths

We now have to consider the K! possible dynamical paths : for a given permutation 7 of the K renormalized spins,
(r(1).7(2).-7(K) ags0ciated to the path (m(1),m(2),..,7(K)) reads by adapting Eq A0

m—1 K
Brm) + Jx(m) — Ja + 2min (Z iy + Ja Z Jw(i)ﬂ (41)

i=1 i=m+1

the dynamical barrier By

max
1<m<K

Bg(l)yﬂ(Q)mﬂ(K)) _

We now have to choose the dynamical path, i.e. the permutation 7 leading to the smallest barrier. So the final
renormalization rule is that the renormalized barrier Bg is given by the minimum of Eq. ] over the K! possible
permutations

B = min (B "m0

X Bﬂ(m)—l—J( )y — Ja +2m1n<z )—I—Ja, Z . l))]) (42)

=1 1=m-+1

D. Limit of the pure case

In the pure case, all couplings J; have the same value Jy and all renormalized boundary spins S; have also the same
barrier B; = B, so that the renormalization rule of Eq. reduces to

Br =B+2Jy max [min(m;K —m)] (43)
1<m<K



For even K, the maximum is reached for m = K/2, whereas for odd K, the maximum is reached for m = (K £1)/2,
so that Eq. 43 yields

Br =B+ KJy for even K
=B+ (K —-1)Jy for odd K (44)
This recurrence thus leads to the following linear growth
B, —B,—0 =nKJ for even K
=n(K-1)Jy for odd K (45)

with the number n of generations, in agreement with the more detailed results of []] containing explicit combinatorial
prefactors coming from the degeneracy of the K! dynamical paths. The linear growth with the number n of generations
is in agreement with previous works of physicists [28-30] and of mathematicians |31H34]. It turns out that the slope
(K — 1)Jp for odd K of Eq. coincides with the slope obtained in [29], where a so-called ’disjoint strategy’ is
optimal, whereas the slope KJy for even K of Eq. differs from the slope J(K — 1) obtained in [28, 29], where a
so-called 'non-disjoint strategy’ is optimal. We refer to Refs [28-32] for more explanations on the differences between
disjoint /non-disjoint strategies. Here it is clear that the renormalization procedure making coherent clusters of spins
within sub-trees corresponds to the disjoint strategy. Within the disjoint strategy, the renormalization of Eq. for
dynamical barriers is close to the recursions written in Refs [28-432], even if there exists a difference : in our approach
based on the quantum perturbation theory of section [TC] the spin S is considered to be at equilibrium with respect
to its neighbors, whereas in previous approaches [28-32], the question of the time where the roots flips with respect
to the flips of the sub-trees has been taken into account differently (see the notions of ’directed barriers’, of anchored
barriers’, etc...). Let us also mention that the case of ’disorder in the degrees of the nodes’ has been studied by Henley
[28], via the model of critical percolation on the regular Cayley tree.

IV. RG FLOW FOR THE PROBABILITY DISTRIBUTION OF DYNAMICAL BARRIERS
A. Recurrence for the joint distribution of dynamical barriers and couplings

The renormalization rule of Eq. for dynamical barriers yields that the joint probability distribution P, (B, J) of
the barrier B and the coupling J evolves according to the following iteration in terms of the probability distribution
p(J) of the random ferromagnetic couplings

K
Prs1(Br,Jo) = p(Ja) (H/dBidJiPn(Bi,Ji)>
i=1

m—1 K
Br(m) + Jr(m) + 2min (Z Taiy +Jas Y Jw(i))})] (46)

=1 1=m-+1

)

iy 1<m<K

Br + J, —min< max

with the partial normalization

[ B5.) = 6) (a7)
The initial condition for the Glauber dynamics of Eq. [f near zero temperature G&% . [h] = ﬁh(ﬁh) ~ e~ AInl

corresponds for an initial boundary spin S; of the tree submitted to the local field h = J;S to the dynamical barrier
B; = J;, so that the joint distribution at generation zero reads

PIsr (B, J) = p(J)5(B — J) (48)

The form of Eq. actually shows that it is more convenient to replace the variable B by B = B + J, so that the
joint distribution P, (B, J) evolves according to

K
Poi1(B,J,) = p(Ja) <H/dBidJiPn(Bi,Ji)>

m—1 K
0 | B — min <1§mn§i%<K B (m) + 2min (; Jr(iy + Jas i:%l Jw(i))] )] (49)




with the same partial normalization as in Eq. ET7]

[aBraB0) =0 (50)
and the initial condition (Eq. @8]
P (B, ) = p(J)d(B —2J) (51)
B. Recurrence for integrated probability distributions

To factorize the minimum and maximum functions involved in the delta function of Eq. H9 it is convenient to
introduce the two complementary integrated distributions

—+oo
F.(B,J) = / dB'P,(B',J)
B
B

Gn(B,J) E/ dB'P,(B',J) = p(J) — F.(B,J) (52)
as well as the notation
Sj;(r> = 2min (Z Tty + Jas Z Tri) ) (53)
1=m-+1

Then the recurrence of Eq. yields

+oo
Foi1(B,Ja) = / dB' P11 (B, Ja)

B
(H/dB dJiPo(B,, J; ) o [ min (137175% [Brim +5§7&>D]
(H/dB dJ;Po(Bi, J; ) I1¢ (B < max | Bugn + S,(,’{Zn)D (54)

Let us consider that we have ordered the K! permutations 7, so that the last product of Eq. B4l can be expanded
as

= 68]] TL(-o [, s 50

K!
o M | O N )]

p=1 {mi<m2<..<mp} g=1
K!

SEEDYEIIND DI 1§ | CICET M REEC N R
p=1 {mi1<m2..<7mp} =1 m=1

For each permutation 74, we may replace the product over m = 1,2, .., K, by the product over k = m,(m) to obtain

K!
H9 {B <  mmax, Brim) + ST(:(Tm H =1+ Z(—l)p Z
p=1

{m<ma..<mp} q=

II
D | |

K
[T6[B=B.+s]
1k=1
p
[10[B=Bc+s™]
{mi<ma..<mp} k=1g=1
K! K
=1+ (- Y 0 [B > By, + max S( q>] (56)
=1 1

{mi<me<..<mp} k=
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Then Eq B4 becomes

K K! K
Foi1(B,J.) = p(Ja) (H/dBidJiPn(Bi,Ji)> 1+Z(—1)P > I]e [B > By + max S ]

{mi<ma..<mp} k=1 Sesp
K!
— _1)\P _ (mq)
=p(Ja) + p(Ja) Y _(—1) > <H /dBdekP (B, Jx )0 {Bk < B - max S, D
p=1 {m<ma<..<mp}
K!
=p(Ja) +p(J) D (=17 Y <H AJiGn(B — max S, ] )) (57)
p=1 {mi<ma<..<mp}
So we obtain the following closed recurrence for the integrated probability G, of Eq.
K!
Gni1(B.Ja) =—p(Ja) Y (—1)P <H/dJkG — max S ma) Jk)> (58)
p=1 {ﬂ'1<ﬂ'2 <mp}
with the initial condition of Eq. Bl
B
GIsber (B, J) = / dbPI YT (h J) = p(J)O(B —2J) =0 for B <2J
=p(J) for B>2J (59)
C. Traveling-wave solution

For disordered models defined on Cayley trees , it is very common to find that the probability distribution P, (A)
of some observable A propagates with a speed v and a fixed shape P* as the number n of generations grows

P,(A) ~ P*(A —nv) (60)

This means that the average value grows linearly with n, whereas the width around this averaged value remains
finite. This property was discovered by Derrida and Spohn |35] on the specific example of the directed polymer in a
random medium, where the observable A of interest is the free-energy, and was then found in various other statistical
physics models defined on Cayley trees [36]. This traveling-wave propagation of probability distributions have also
been found in quantum models defined on Cayley trees, in particular in the Anderson localization problem [37-41].
The conclusion is thus that the recursion relations that can be written for observables of disordered models defined
on trees naturally lead to the traveling wave propagation of the corresponding probability distributions.

So here, it is natural to expect that the solution of Eq. starting from the initial condition of Eq. will be a
traveling-wave with some velocity v

Gn(B,J) ~G*(b=B—mv,J) (61)
where the stable shape G*(b, J) of the front satisfies the equation

K!

G b—v,d) = —p(a) 3 (~1) <H/dJkG b= max S, )) (62)

p=1 {7T1<7T2 <mp}
and the following boundary conditions at infinity

G*(b,J) ) 0
G (b, ) =~ p(J) (63)

b—~+o0

This means that a barrier B,, for a sub-tree of n generations reads
B,=nv+b (64)

where b is a random variable of order O(1). In the following sections, we have checked numerically for K = 2 and
K = 3 that the statistics of dynamical barriers indeed follow the traveling-wave form of Eq.
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V. CASE OF BRANCHING NUMBER K =2
A. Renormalization rule for dynamical barriers

Here there are only K! = 2 permutations m; = (1,2) and w3 = (2,1), so the barriers associated to these two
permutations are (Eq A1)

BU? = max By + Jy — Jo + 2min(Ja, Jo); By + Jo — Ja]
BV —max [By + Jo — Jo + 2min(Jy, Jo); By + Sy — Ja] (65)

and the optimization of Eq. reads

Br + J, = min (max [By + J1 + 2min(Ja, J,); B2 + Ja] ; max [By + Jo + 2min(Jy, J,); Br + J1]) (66)

B. Recurrence for the integrated probability

For K = 2, we have to consider the two permutations m; = (1,2) and w5 = (2,1), so the variables of Eq. E3] reads

ST = 2min(Jy, J,)

S¢ =0
s =0
5™ = 2min(Jy, J,) (67)

and Eq 58 becomes
Gn1(B,Ja) = P(Ja)/dJl/szGn(B - SY”),Jl)Gn(B - Sém)ab)
—i—p(Ja)/dJl /ngGn(B — 57 J1)G(B — S5 Jy)
() / iy / 4JsGn(B — max(S™), $7), 11)Gn (B — max(S™), S5, 1)
- p(Ja)/dJ1 /dJQGn(B —omin(Ja, Ju), J1)Gn(B, J2)
+p(Ja)/dJ1 /dJQGn(B,Jl)Gn(B —2min(Ji, Jo), Jo)
o) / i, / 0JsCor (B — 21min(Ja, Ju), J1) G (B — 2min( 1, o), Jo) (68)
i.e. finally, the integrated probability G,, satisfies the recurrence

Grir(B,Js) = p(Ja)/dJl /ngGn(B — omin(Ja, J)), 1) [2Gn (B, Ja) — G (B — 2min(Jy, Ja), J2)]  (69)

C. Traveling-wave Ansatz

The traveling-wave Ansatz of Eq. yields the following equation for the stable shape G* (b, J) of the front
G (b—v,Js) =p(J) / i, / 4G (b — 2min(J, Ju)), J1) [2G% (b, Ja) — G*(b — 2min(J1, Ja), 1) (70)

with the boundary conditions of Eq.
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D. Weak-disorder expansion

For the pure case p(J) = 6(J — Jy) discussed in section [IID] the solution is simply
Gpure(b;J) = 06(J = Jo)0(b) = p(J)0(b) (71)
with the velocity of Eqs 44| and
vpure = 2J0 (72)
Let us now consider the case of weak disorder, where the disorder distribution p(J) displays a small width around
Jo. Then we expect that the width of the barrier distribution will also be small with respect to (2.Jy). In the region
where G*(b — v, J,) is small, the appropriate linearization of Eq. [[0] consists in replacing G*(b, J2) by its asymptotic

behavior p(J2) (EqG3)) and by neglecting G*(b — 2min(J1, J,), J2) that would give a quadratic contribution, so that
we obtain in this weak-disorder regime

G (b—v,Jo) = 2P(Ja)/dJ1 /dJ2P(J2)G* (b —2min(J2, Ja), J1) (73)
This means that the integral
) = / 4IG* (b, J) (74)
satisfies the closed linear equation
5= =2 [ o) [ dhpl(la)g’ (b~ 2min(a, 1) (75)
The exponential shape of coefficient u

g') = e (76)

b——00

is then a solution of the linearization of Eq. [TH if the velocity v(u) satisfies

e~ — 9 / dJap(J,) / dJap(Jy)e 2 min(J2,Ja) (77)

The velocity as a function of u

1 .
v(p) = —ﬁln [2/dJap(Ja)/ngp(Jz)e_z”mm(J?’J“) (78)

presents the two limiting behaviors

()~ In2
VW ST T
Inp
v(p) P Imin + m — 2J, (79)

where Jyin is the minimal value of the disorder distribution p(J). Between these two limits, there exists a maximum
value v* at p* such that v'(u) = 0, and this is this velocity v* that will be dynamically selected [42, [43]. Tt can be
computed for various disorder distributions p(.J). Let us now consider two explicit cases.

1. Exponential distribution for the disorder

For the exponential distribution

p(J) =00 — Jo) e (80)
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Eq [[8 reads
1.1 A
o) =2Jo+ I (81)
I 2
We are looking for the point u* where this function is maximum
1 1+ u*A> A
0 =0 () =—=1 + 82
v i) T n< 2 pra(1 + pi) (82)

ie. px = x/A where x ~ 3.31107 is the root of the numerical equation

1+ T
1 =
n< 2 > 1+z (83)

The corresponding selected velocity reads

Vs :U(N*) :2J0+i1n (M)

Hox 2
_2Jo+éln(1+x)
T 2
A
=2Jg+—— 84
0+1+x (84)

In conclusion, we obtain that the velocity grows linearly for weak disorder A

v* = 2Jp + 0.23195A (85)

2. Boz distribution for the disorder

For the box distribution of width A

1
p(J) = Ze(Jo <J<Jo+A) (86)
Eq [78 becomes
1, [e 22 +2uA -1

=2Jy— —1 87
R (57)

The corresponding selected velocity v* = v(u*) (where v'(u*) = 0) grows again linearly for weak disorder A
v* = 2Jp + Av, ~ 2+ 0.206826A (88)

E. Numerical results obtained via the pool method

If one wishes to study numerically real trees, one is limited to rather small number n of generations, because the
number of sites grows exponentially in n. From the point of view of convergence towards stable probability distributions
via recursion relations, it is thus better to use the so-called 'pool method’ that allows to study much larger number
of generations. The pool method has been used for disordered models on trees |37, 40, 41] or on hierarchical lattices
[44-46]. The idea of the pool method is the following : at each generation, one keeps the same number Moo of
random variables to represent probability distributions. Within our present framework, the probability distribution
P, (B, J) at generation n will be represented by a pool of M., = 10° couples (B, J;). To construct a new couple
(Br, J.) of generation (n+ 1), one draws K couples (B;, J;) within the pool of generation n and apply the rule of Eq.
106l

The numerical results obtained via the pool method for the box distribution of the disorder of Eq. with Jop =1
are shown on Fig. 2 On Fig. Pl (a), we display the convergence towards the traveling-wave form for the finite disorder
width A = 1. On Fig. 2 (b), we show that the velocity v(A) as a function of the disorder strength has for tangent
the weak-disorder expansion of Eq. near A — 0.



14

2.8
P (B) (@
n
0.6 - n=10 n=50 v (b)
26 1
0.4 1
24 + A
0.2 1 ///
22 ~ :
0 ‘ : : : 2 s s s
0 25 50 75 100 125 0 05 1 15 2
B A

FIG. 2: Cayley tree of branching ratio K = 2 with the box distribution of disorder of Eq. with Jo =1 (a) For A =1 : the
probability distributions P, (B) of the dynamical barrier B at generation n = 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 correspond to a
traveling-wave with a fixed shape P,(B) ~ P*(b= B — nv) (after an initial transient). (b) Velocity v of the traveling-wave as
a function of the disorder width A and agreement with the weak-disorder expansion at first order in A of Eq.

VI. CASE OF BRANCHING NUMBER K =3
A. Renormalization rule for dynamical barriers

Here there are K! = 6 permutations so the barriers associated to these permutations are (Eq HEI)

BR=W)  — max [By + Ji — Ju + 2min(Jy + Js; J,
BE=C13) — max [By + Jy — Ju + 2min(Jy + Js; Ja
BE=132) — max [By + Jy — Ju + 2min(Ja + Js; Ja

[

[

[

( B+ Jo — Jy 4+ 2min(Jy + Jg, J3
(
(
ma=(3,1,2) B . .
BR = max Bz + J3 Ja—|—2m1n(J2—|—J1,Ja
(
(

s B + J3 — Ja]
By Ty — Ju+2min(Js + Jo, J); By + Js — Ja]
J1+ Jo, J2); Ba + Jo — Jg]
Js 4+ Jo, J2 Ja]

Ja
Ja

:Bs + Js — J, + 2min(Jo + J,, 1

:Bs + J3 — J, + 2min
1B+ J1 — J, + 2min 1B+ Jo —

BE=33D  — max [By + Jy — Ju + 2min(Jy + Js; Ja By +Jy —

—_ — — — — —

(
(
(
(
(
(

—_ — — — —

Bre=32D  — max [Bs + Js — Jo + 2min(Jy + Ji; Ja); By + Jo — Ju + 2min(Js + Ja, J1); By + Sy — (89)
and the optimization of Eq. reads
Br = min (B> B By 0Y, B, B, B (90)

The corresponding iteration of Eq[58 for the joint probability distribution is rather lengthy and not very illuminating,
so we will not write it here, but present instead our numerical results.

B. Numerical results obtained via the pool method

The numerical results obtained via the pool method for the box distribution of the disorder of Eq. with Jyp =1
are shown on Fig. Bl We find again that the statistics of dynamical barriers is a traveling wave (see Fig. Bl (a)). The
corresponding velocity v(A) as a function of the disorder strength A is shown on Fig. B (b).

VII. CONCLUSION

To study the stochastic dynamics near zero-temperature of the random ferromagnetic Ising model on a Cayley
tree of branching ratio K, we have applied the Boundary Real Space Renormalization procedure introduced in our
previous work [8] to derive the renormalization rule for dynamical barriers. The main outcome is that the probability
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FIG. 3: Cayley tree of branching ratio K = 3 with the box distribution of disorder of Eq. with Jo =1 (a) For A =1 : the
probability distributions P, (B) of the dynamical barrier B at generation n = 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 correspond to a
traveling-wave with a fixed shape P,(B) ~ P*(b= B —nv) . (b) Velocity v of the traveling-wave as a function of the disorder
width A

distribution P, (B) of dynamical barrier for a subtree of n generations converges for large n towards some traveling-
wave P, (B) ~ P*(B — nv), i.e. the width of the probability distribution remains finite around an average-value that
grows linearly with the number n of generations. We have presented numerical results for the branching ratios K = 2
and K = 3, and we have computed the weak-disorder expansion of the velocity v for K = 2.

As explained in section [V.C| the recursion relations that can be written for observables of disordered models
defined on trees naturally lead to the traveling wave propagation of probability distributions. So we expect that for
other disordered statistical models defined on trees, the statistics of dynamical barriers should be also described by
travelling-waves.
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